The use of computing in medicine to date has essentially been in the areas of record keeping, information banking, data collection and manipulation. There has always been the prospect of interfacing the man with the machine but clinical attempts to do this have so far been isolated.
The idea is potentially of great merit. Much of medicine is concerned with maintenance of function of dynamic systems. Indeed much of a doctor's function might be seen as applying external control inputs to body systems when their internal integrity has been lost. In the broadest sense such systems will have input and output related to one another by some form of information processor. Commonly the whole will operate as a series of feedback loops maintaining the integrity of the individual.
Failure of physiological systems may occur at anyone of a number of points in such loops. In caring for a patient a doctor will make observations both to determine the point of failure and to guide progress in response to applied control inputs. Frequently the information processing which leads to therapy is extremely complex and yet has a trivial outcome. The time constant of the response will be long and often complex to evaluate. Even though the information and data processing could be enhanced by the use of a computer there would appear to be little merit in interfacing machine and patient.
The opposite might be true, however, if the controlled process is notionally simple. If the variables to be controlled may be measured continuously, if there is a discrete means of controlling the variables and the relationship between input and output is mathematically describable, then an external control loop may be substituted for, or superimposed upon, physiological control. The technique is particularly attractive if the controlled process has short time constants and would otherwise require frequent human re-evaluation of the therapy.
The essential elements of a patient/computer interface used in a feedback therapeutic role are: (a) a means of transducing the patient data to a form acceptable by the computer and at a frequency appropriate to the controlled process; (b) a processor capable of performing the appropriate arithmetic and logical functions required to arrive at a therapeutic outcome. The processor must operate at a speed appropriate to the controlled process. The memory associated with the processor must be capable of information storage relevant to the process and logging of input data. Typically there will be some form of communication device associated with the processor to indicate the state of control, identify alarm conditions, allow the introduction of set points, or modify the nature of the control algorithm. (c) some form of output transducer capable of accepting data from the computer and performing a therapeutic task.
The nature of each of these elements will vary widely and might be expected to take hitherto un imagined forms as the art of man/machine interfacing progresses. It will emerge that in many applications the technical aspects of the computing, to many the conceptually difficult area, will be more easily achieved, for instance, than the initial data transducing. The problem area of the patient/computer interface will depend critically upon the process to be controlled. It is appropriate to look at the elements of the interface in detail.
The Input Transducer
Where a single physiological variable is to be controlled the nature of the input transducer may be quite conventional. Typically the variable of interest will be transduced to an analogue voltage which will then be converted to digital form for introduction to the processor. [t is assumed here that the processor will itself operate digitally though the possibility of totally analogue controllers should not be forgotten where the control problem is straight forward. Examples of conventional transducers for established control tasks include pressure transducers and gas analysers.
If a biochemical variable is to be transduced construction of the transducer may be the major part of overall controller design. For short term use a continuous blood sampling line may be established. This may perform direct measurement with loss of the sample or measurement by dialysis with return of blood to the patient. Such transducers, for continuous blood glucose measurement for example, 1.2 require detailed design of pumping arrangements, anticoagulation, line pressures and flows, air embolism protection, measurement of electrode stability, dialyser characteristics and the like and constitute the essential obstacle to the patient/machine interface. Consideration should be given to the possibility of "on board" sensors. These may enjoy advantages such as temperature or pH stability and obviate the need to physically remove samples to the outside world. In the case of pressure transducers they are automatically zeroed to the site of interest, a practical consideration when externally fixed transducers are used. Methods exist to telemeter data from implanted transducers. The stability and calibration of internal transducers remain difficult problems.
Where the performance of the control loop is critically dependent on the accuracy and stability of transducers, independent duplexed or triplexed sensors may be required. The processor may be used to compare input signals and to flag conflicts, an example of the processor being "smart" in relation to the input data. A typical application would be the use of duplexed oxygen analysers in totally closed anaesthetic circuits where the circuit oxygen tension must be critically servocontrolled.
Where patient care requirements necessitate intermittent disturbances of the signal from the transducer, provision must be made for safe "opening" of the control loop during the period that spurious signals arrive from the transducer. If, for example, an arterial line is to be flushed or used to draw a sample during servo-control of the blood pressure, the transducer must be briefly isolated from the control loop. Similar considerations would apply to aspiration of the airway in patients in whom gas tensions are being machinecontrolled.
Some form of filtering of the input signal will frequently be necessary to remove artefacts caused by patient, electrical, or transducer transients. Filtering may be an integral part of transducer design or a feature of processor software.
Acquisition of the transducer signal by the processor will typically be under hardware or software timed interrupt control. Certain applications, however, will require that the interrupts are a function of the transduced signal, interrupt control then becoming a feature of input transducer design.
Careful thought is required in matching the complexity of the transducer to the practical considerations of the problem to be solved. Urine flow for example can be measured by the method of drop counting or by the time derivative of urine collector weight. Such techniques may be frustrated by the capacitances of the bladder and urine drainage system or simple "plumbing" problems. It might be more appropriate to use the urine collector as a simple visual time integrator of flow and to enter the data manually to the processor. Such manually entered data is then first order "filtered" by the observer who quickly recognises inconsistencies of practical origin.
It may be impractical or irrelevant to automatically transduce all the data in control systems reqUIrIng multiple inputs. Consideration should be given to the design of hybrid input transducers capable of accepting either manually entered or directly transduced patient data, or both.
Systems for the entry of data by an observer may take many forms; all require careful ergonomic design. Ideally the current state of each input variable should be displayed, "out of limit" states and critical data should be highlighted. Thought should be given to whether data display is in analogue or digital form. It would appear that the possibility for error is less with the manual manipulation of analogue displays though software flagging of sudden large changes in digital data is an alternative.
The input device should require minimal or no knowledge of computer operation and should be tamper-proof. Acquisition of input data should appear instantaneous to the user so Anaesthesia and Inrensil'e Care, Vol. X. No. 3, August, 1982 that the control response to altered inputs may be immediately appreciated. The time history of input data and control response should be available both as a display and hard copy.
The most commonly used operator interface device is the visual display unit. In designing keyboard controlled data entry, thought must be given to the user population. A dedicated technician might be expected to acquire a high degree of operator skill. By contrast, if the unit is to be used by a changing population of nursing staff in a busy clinic an absolute minimum of learning time may be available. The operator/computer interface is then critical to successful operation. The user's task must be simplified by techniques such as software prompting, numbered menus and the use of dedicated keys. In short, the mode of operation of the device should be immediately apparent to the user. This may seem a trivial point but experience shows that a very negative userreaction will follow frustration with complex data entry and manipulation. It will appear so much simpler to have done things in the "conventional" way, and the whole point of computer enhancement of the control problem will be lost.
A wide range of other data entry devices exists ranging from displays driven by light pencils, through terminals which accept written alphanumeric characters to the esoteric such as voice recognition techniques. Each should be carefully matched to the task in hand rather than adopted for its novelty. The critical point is user-acceptance which will depend on ease and logic of operation. Techniques well established in other fields may not have been well tried in the clinical environment where the patient, not the machine, is the essential concern. It is appropriate to investigate a number of human data entry transducers in the design setting before commitment to a definitive device is made.
An alternative approach is the construction of a dedicated data entry device where the boundaries of the control problem can be reasonably defined. After our experience with visual display units and character recognition terminals, this department has constructed an input terminal consisting of a number of rotary potentiometers as part of a system for the control of intravenous therapy (Figure 1) . The state of each input is defined by scaled lightemitting diode point displays. The potentiometer voltages are acquired by the processor every two seconds under interrupt control through a software multiplexed analogue to digital converter. The current state of the input data is thus constantly displayed and the user is freed from any keyboard interrogatory with the processor. Control responses to varying inputs appear instantaneous to the user and advisory signals generated by software appear at panel-mounted light-emitting diodes. Provision has been made for available patient transducer outputs to be substituted for some manually entered potentiometer voltages, making the device a true "hybrid" input transducer.
The design philosophy has been to substitute the obvious and familiar setting of a linear position with a rotary control for the tasks of keyboard familiarisation and typing. The user has an immediate, if not detailed, intuition as to how the inputs are to be set. Refinements such as the logical grouping of inputs and their advisory signals are designed to enhance user acceptance. Clinical trials suggest that such a data entry device is preferred to keyboard entry, though the dedicated nature of the design is limiting in respect of communication with a range of computers. Experiments have also been conducted with touch controlled manipulation of data using dedicated areas of a character recognition terminal.
Another area for consideration is the design of input transducers for use by patients. Considerable experience has been accumulated in the area of computer enhanced aids for the physically handicapped. Many of these may be grouped into communication devices and aids for manipulation of, or movement within, the physical environment. Successful design will depend critically on appropriate input transducers, the point of interface between man and machine. A range of novel devices is available in this area.
Devices are required for the transduction of subjective patient data such as pain in analgesia control. This remains a largely unexplored area but may yield to the software integration of a range of subjective and physiological input signals.
The Processor
There are two essential elements to be considered here, the physical devices or hardware in which control will take place and the instructions or software which will determine the arithmetic and logical nature of that control. To a certain degree their design choice will be interdependent.
Available hardware ranges over several decade orders in size, cost, complexity and computing "power". In general, it will be appropriate to match the characteristics of the chosen processor to the speed and memory requirements of the patient/machine interface. Where multiple patient interfaces are envisaged, a decision must be made as to whether processing will be centralised or distributed. In a clinical area with a number of beds a minicomputer may be used for diverse roles including intrahospital data links, servicing bedside information systems and the closed loop control of patient variables. Direct patient interaction, however, raises peculiar problems. Preservation of operating software, particularly with power disturbances, becomes critical and processor availability to the control systems requires special priority. Operation of the whole clinic may become dependent on unitary system reliability.
There are special problems of data bussing and interfacing of input/output transducers, particularly in interrupt priority assignment. The problems of initial and running costs, space and operating personnel, machine dedication and availability are obvious.
The advent of the microprocessor has opened the way to distributed patient care systems. Matching of the complexity of the physiological control task to microprocessor capability allows the construction of "stand alone" external patient control loops. The small physical size and low hardware cost of these devices enables bedside location and a dedicated relationship with input and output transducers. A number of problems are thus circumvented. The processor is always available to the control loop and interrupt priorities simply assigned. The operating speed, timer and electrical characteristics of the processor may be matched to the controlled process. Complex data links and their attendant electrical problems are avoided. Processor failure is isolated to one system, redundancy is easily achieved and the modular nature of systems allows quick replacement with functioning units. The processor may be located within, and share power supply with, the output transducer. Processor power interruption is thus safer and more obvious to the user. In dedicated application, the processor has integral read only memory with firmware unaffected by temporary power interruptions.
Importantly, unit capital cost is low and the microprocessor easily integrated with conventional output transducers. Creation of a "computer facility" is unnecessary. Conceptually the user can develop an understanding of each discrete control system which may appear no more than an enhanced version of already familiar components.
In such distributed computing, there remains the problem of communication between individual controllers. The spectre of complicated data bussing is again raised but it may be avoided. The relatively recent development of techniques of packet switching allows each processor to insert data via a send/receive station onto a ring bus that communicates with all processors.3 Each data packet includes a numerical address denoting the destination processor; each send/receive station is intelligent both with respect to its own address and the state of "business" of the ring. Device-specific communication may thus take place between discrete controllers and with a collating central processor.
The physical nature of the ring may take a number of forms. It may be hard wired or consist of encoded optical links. The latter is a convenient form for clinical application with its requirement for mobility of control components. The important point here is that with the development of discrete distributed control systems there remains the option of upward integration. In the control of intracranial pressure, for example, the discrete controllers of arterial carbon dioxide tension, muscle paralysis, water and electrolyte status and blood pressure, all state-of-the-art devices, may have their set points interdependently optimised. The principle is that the integrative advantage of totally centralised processing is not lost.
Processor Software
Inherent within the software is the nature of the relationship that exists between incoming data and controller output response. When a controller is linked to a controlled response in a feedback loop, mathematical relationships may be developed which describe the time passage of signals around the loop, the so-called transfer function.
In mechanical engineering applications, the transfer function may be well known at the design stage. Thus in controlling the stability of an aircraft, knowledge of control surface forces and moments, aircraft mass and moments of inertia, and the aerodynamics of different altitudes may allow a precise theoretical treatment of the dynamic control.
At present the same is not generally true of biological systems. An approach to the transfer function may provide a useful starting point but the control system will usually require "tuning" in practice. Allowances should be made for this in interface software design, particularly as to whether it should be a user option. Further, thought should be given to making the software adaptive in operation. 4 Some biological control applications will yield to conventional techniques. It follows that the software may already be written; proportional plus integral plus derivative controllers are available, for example.
Where the controller has mUltiple inputs the designer must have a clear concept of the relationship between these and the control response. In the clinical situation, there must be close integration of the ideas of the physician and biomedical engineer. The physician should be able to clearly define the nature of the problem and a common language logic diagram for its solution. Ideally he or she should have an understanding of how the problem will be implemented in software and of the related input and output transducers. The engineer must understand the practical requirements and limitations of operating in the clinical environment and how these relate to overall design.
Where the control problem is complex, difficulty may be encountered in the software implementation of the doctor's method of solution. The doctor familiar with integrating data and arriving at a therapeutic conclusion may be unable to write down exactly how the data is used to form that solution. The answer may lie in a statistical approach 5 or the use of special techniques such as the algebra of fuzzy sets. As a corollary, the control software (and hence input transducer) may allow for the introduction of "figures of merit" tailored to a particular patient's situation, against which incoming patient data may be compared and weighted. Physician description of the control solution remains central to the problem of the computer/patient interface.
Physiological control systems often operate in parallel and show multiple redundancy.6 T!1US patients may remain in essentially normal health even when there is extensive disease of internal control loop components. Equally the inferential design of external control loop software should take into account the integrity of many physiological controls. Further, as patient's externally measured variables reflect the integrity or otherwise of physiological control, one should be able to identify the "validity" of these variables to the external controller when a discrete internal failure has been detected. In the absence of such knowledge software response should be made "fail safe". To take a simple example, in the absence of administered diuretics, a patient's excretion of five milliequivalents of sodium ion per hour would have a strong negative statistical correlation with hypovolaemia in the presence of normal kidneys. No such correlation might be possible in patients with sodium-losing nephropathy. It would be important to identify to an extracellular volume controller that such disease was present. Contrarily, in some situations control may be achieved by regarding the patient as an essentially unknown "black box" in respect of the variable of interest. Thus if the patient's water status is defined by measuring plasma osmolar components at discrete time and the total body water is regarded as an isomolar "swamp", control thereafter may be achieved by totally external consideration of water and ionic balances. The controlled system may be checked for "drift" by occasional measurement of plasma sodium. Theoretically no knowledge of the intrinsic nature of physiologic osmolar control is required.
Discussion of control software would be incomplete without mention of languages and programming techniques. The physician familiar with programming will have a great advantage in the realisation of patient controller designs. Implementation of sophisticated control algorithms may require considerable time, especially when revisions are necessary on the basis of clinical experience. Ideally a high level language should be used. As a desirable minimum, assembler code should be used for all but trivial algorithms. Access to the machine code is an advantage in detailed design of dedicated controllers or where fast processing is required. Fast arithmetic chips associated with a microprocessor confer particular advantages especially in applications where extensive simulation is required. Many practitioners will be familiar with the use of BASIC or related languages. Whilst suitable for many applications, difficulty may be encountered with processing time at high data rates or if control responses to input are to appear instantaneous to the user.
Choice of language then for a particular patient/machine interface may depend upon the hardware used but must address itself to the dynamics of the controlled process. The use of "look up" tables is a useful programming technique where biological variables would otherwise require extensive calculation. This is particularly true for "curve fitting" applications where the function is not mathematically described. Sophisticated programming techniques may be required for controller simulation of experiential thought processes.
Output Transducer
The typical output transducer will be an electromechanical device interfaced with processor output ports. The output number may determine the position of a control or the rotational speed of a device such as an intravenous pump. In certain circumstances the processor must be fed back with a signal showing the state of the output transducer.
Presently few items of therapeutic equipment are designed with integral computer interfacing. Interface design may thus be required. In speed control of rotary devices, for example, it may be easier to control by pulse width modulation of "on" time. In this "bangbang" type control the final output device is set to run at a fixed rate and the computer used merely to alter the percentage of running time in a fixed control interval. 4 If the control interval is made short, the pulsatile nature of device delivery is minimised. Such pulsing may in any case be "smoothed" by the capacitance of the delivery system and patient considerations. Some output devices are not suitable for this type of control. D.C. motor driven peristaltic pumps, for example, would generally be unsuitable in view of their inertial characteristics. Many commercially available intravenous delivery devices alarm with power interruption and would require modification. The characteristics of stepper motors are ideally suited to this type of control or the alternative of frequency modulating the pulse train fed to the motor control. A further advantage of pulse width modulation or stepper motor control is that the final output device may be driven from a single pin of the output port of the processor, an economic use of port capability. With pulse width modulation control, the simple expedient of switching a mains power supply socket using optical isolation forms a useful interface for a range of commercial devices.
For manual control, the output device is frequently set with rotary potentiometers. Switched substitution of a series of binary ordered resistors is a convenient method of device control with a parallel processor output. The logic state of each output bit may be used to reed-switch the series resistors in or out of circuit, thus simulating the performance of the rotary potentiometer. The use of complicated electromechanical devices to operate the potentiometer is thus avoided. This arrangement has proved satisfactory in servo control of ventilators. Attention needs to be paid to the precision of control increments and their relation to control loop performance.
Increasingly the processor and firmware may be built into the output transducer, a front panel switch then allows manual or dedicated control use. Such modular approaches allow fast and simple set up of the control loop, an important clinical consideration.
The design of implanted output transducers requires particular ingenuity with their problems of reliability, power supply and resupply if a substance is to be infused. Shortterm examples: artificial hearts and counterpulsation balloons may use a transcutaneous umbilical cord transmitting both power and control signals. Where totally closed operation is required for chronic use, electromagnetic and optical links may be used for transcutaneous signalling. The possibility of osmotically or electrolytically powered pumps for implanted use is attractive; some means of control modulation of the former is required.
Further considerations
The problems of the patient! computer interface have so far been addressed in essentially technological terms. Clinical acceptance will depend on additional considerations which mayor may not yield to technical ingenuity.
Patients, nursing and medical staff might be expected to show individual emotional responses to the idea of the "machine controlled" patient. Computer interfacing takes the now familiar idea of a machine supported patient, where the machine is but the physical limb of the therapist's thought processes, one step further. The therapeutic "thinking" is now done by the machine. In the worst case the therapist may feel isolated or redundant. It may be cold comfort to the patient/therapist relationship that "the machine does it better".
The essential nature of the caring process has been changed. Disenchantment with the technological focus of acute medicine has been an oft-stated reason for nursing declines in Western countries.
The nature of control interfaces should be explained where appropriate to patients and their relatives. Operating staff should be familiar with controller design and the structure and aims of control algorithms. Positive benefits may follow, the therapist coming to use the principles of closed loop control in open loop situations. The principle is that the controller becomes but the "shorthand" form of processes with which the therapist is familiar. Man/machine alienation might thus be minimised.
With few exceptions, machine control of therapy has not yet been shown to be superior to conventional methods, particularly in terms of patient outcome. 7 Conventional patient therapy, however, already calls upon the experience of both modelling techniques and closed loop patient control. Further, the discipline of algorithm writing imposes on the designer a need to critically understand his or her clinical practice. Decision points in patient care may thus be formalised and their validity tested, an extremely difficult task in the retrospective assessment of many conventionally applied therapies. It might be expected that such formalisation will find its way back into the improvement of clinical practice. The cost-benefit of many acute care practices must be seen in the long as well as the short term.
Both simulation and closed loop control of patients may be used in nursing and medical curricula to highlight the principles of patient care. In general the emerging generation of students is more familiar with computer aided techniques. By contrast, funding authorities may not be cognisant of the potential for both patients and staff in closed loop control. This remains a problem for the innovator.
With the wide availability of the microprocessor, realisation of a range of clinical man/machine interfaces now comes within the reach of the physician. Definition and clear understanding of the control problem and innovation in transducer design will be central themes in further progress. Patient modelling techniques and demonstration of model control may be necessary interim steps in this process. With sensItIvIty to the practicalities of clinical use and the psychodynamics of the operating environment, the interface designer is limited only by his or her ingenuity.
